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Abstract
In 2015, the LHCb collaboration has measured the differential branching ratio dBdq2 , the lepton- and hadron-side
forward-backward asymmetries, denoted by A`FB and A
Λ
FB , respectively in the range 15 < q
2(= s) < 20 GeV2 with
3 fb−1 of data. Motivated by these measurements, we perform an analysis of q2 dependent Λb → Λ(→ ppi)µ+µ−
angular observables at large- and low-recoil in the SM and in a family non-universal Z ′ model. The exclusive Λb → Λ
transition is governed by the form factors and in the present study we use the recently performed high-precision lattice
QCD calculations that have well controlled uncertainties especially in 15 < s < 20 GeV2 bin. Using the full four-
folded angular distribution of Λb → Λ(→ ppi)µ+µ− decay, first of all we focus on the calculations of experimentally
measured dBds , A
`
FB and A
Λ
FB in the SM and compare their numerical values with the measurements in appropriate
bins of s. In case of the possible discrepancy between the SM prediction and measurements, we try to see if these
can be accommodated though the extra neutral Z ′ boson. We find that in the dimuon momentum range 15 < s < 20
GeV2 the value of dBds and central value of A
`
FB in Z
′ model is compatible with the measured values. In addition, the
fraction of longitudinal polarization of the dimuon FL is measured to be 0.61
+0.11
−0.14 ± 0.03 in 15 < s < 20 GeV2 at the
LHCb. We find that in this bin the value found in the Z ′ model is close to the observed values. After comparing the
results of these observables, we have proposed the other observables such as αi and α
(′)
i with i = θ`, θΛ, φ, L, U
and coefficients of different foldings P1,··· ,9 in different bins of s in the SM and Z ′ model. We illustrate that the
experimental observations of the s-dependent angular observables calculated here in several bins of s can help to test
the predictions of the SM and unravel NP contributions arises due to Z ′ model in the Λb → Λ(→ ppi)µ+µ− decays.
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I. INTRODUCTION
Rare decays involving b−quark, such as b → (s , d)γ, b → (s , d)`+`−, are of immense interest since last couple
of decades. This is because of the fact that these decays are induced by flavor-changing-neutral-current transitions
(FCNC) involving the quantum number transitions |∆Q| = 0 and |∆B| = 1. In the Standard Model (SM), the FCNC
transitions are not allowed at the tree level but occur at loop level because of Glashow-Iliopoulos-Maiani (GIM)
mechanism [1]. This make them sensitive to the masses of particles that run in the loop, e.g. mt and mW in the SM.
As a consequence, these decays play a pivotal role in the determination of Cabibbo-Kobayashi-Masakawa (CKM) [2]
matrix elements in an indirect way. In different extensions of the SM, there is a possibility that the new particles can
also run in the SM loop diagrams making these rare decays sensitive to the masses and couplings of the new particles.
Hence, rare decays provide us a rich laboratory to test the predications of the SM and help us to establish possible
New Physics (NP) indirectly [3, 4].
As long as the inclusive radiative and semi-leptonic decays are concerned, there are hardly any open issues that
could lead us towards the evidence of NP. However, the experimental precision is also limited at present and it is
expected that these bound get improved significantly at Belle II [5]. The situation for the exclusive semileptonic
B−meson decays is different and it has a lot of open issues. Among them the most pertinent one is the lepton-flavor
universality (LFU), i.e., the couplings of gauge bosons in the SM are same for different families of leptons. This
important prediction of the SM can be testes by measuring the ratio of the decay widths of B → K(∗)µ+µ− and
B → K(∗)e+e−, defined as:
RK(∗) =
B → K(∗)µ+µ−
B → K(∗)e+e− (1)
in specific bins of the dilepton invariant mass squared that is written as s ∈ [smin , smax] from here onwards. As this
ratio involve the same B → K(∗) transition, the hadronic uncertainties arising from the form factors cancels out to
a good approximation. Therefore, any possible deviations from the SM predictions, i.e., the value of ratio different
from one will hint towards the NP. In 2014, the LHCb collaboration has observed more than 2σ mismatch between
the experimental observations and the SM predictions in different bins of the square of momentum transfer s = q2 [6].
This hints towards the breakdown of LFU of the SM, i.e., the couplings of gauge bosons with µ and e are not the same
[8, 9]. There are also some other areas where tensions between the SM predication and the experimental observations
is found, such as the P5 anomaly (3.5σ in one bin s ∈ [4.30, 8.68] GeV2 [10] that correspond to the certain coefficient
in the angular distribution of the B → K∗(→ Kpi)µ+µ− decay [10–12]. This anomaly was again observed at 3σ in the
data with 3 fb−1 luminosity in the two bins s ∈ [4, 6] GeV2 and s ∈ [6, 8] GeV2 [13] and this is later confirmed by Belle
in the bin s ∈ [4, 8] GeV2 [14]. The fact that this anomaly was accompanied by a 2.9σ tension in the second bin of
another angular observable called P2 [15]. In addition, there is small but noticeable difference found in the branching
ratio of B → K∗µ+µ− [16–18] and Bs → φµ+µ− (2.0σ larger than the SM prediction both in low and large φ recoil)
[19–21]. Making use of the available data and motivated by these tantalizing anomalies observed in these B decays,
in addition to explain them in different beyond the SM scenarios [22] the global analyses have also been carried out
[15, 23–31]. Incorporating the factoraziable (absorbed in the form factors) and non-factorizable contributions, these
global analyses favor the negative shift in the Wilson coefficient C9 to explain most of the data. However, before we
could claim that these are indications of NP, we have to get full control on the possible hadronic uncertainties arising
due to form factors in the exclusive decays [32–38]. In order to establish the hints of NP, on the experimental side we
need to have an improved statistical data that is expected at the Belle II and the LHCb, whereas on theoretical side
we can study some other decays that are governed at quark level by b→ s`+`− (` = µ , τ) transitions.
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In the present study, we have considered the Λb → Λ(→ ppi)`+`− decay that is interesting to its own regard. On
experimental side, this decay was first studied by CDF collaboration [39] and later the LHCb has published the first
measurement of differential branching ratio as well as the forward-backward asymmetry of final state muon i.e., the
AFB [40, 41]. Recently, the LHCb collaboration has made the observation of CP violation and the asymmetries
arising due to the angle between the µ+µ− and pK− planes (aTˆoddCP ) in Λb → pK−µ+µ− by analysing the data
available at an integrated luminosity of 3 fb−1 [42]. On theoretical front, at first in the decay Λb → Λ`+`−, the
hadrons involved in the initial and final state are the baryons, therefore the study of such decays will help us to
understand the helicity structure of the underlying effective Hamiltonian [43–45]. Another added benefit is that
the analysis of angular asymmetries in the sequential decay Λb → Λ(→ ppi)µ+µ− is expected to complement the
different angular asymmetries in the corresponding B → K∗(→ Kpi)`+`− decays [46–48]. One important aspect is
the stability of Λ under strong interactions and the decay Λb → Λ(→ ppi)`+`− is theoretically cleaner than the decay
B → K∗(→ Kpi)`+`−. Due to these facts, the decay Λb → Λ`+`− has been theoretically studied in a number of
papers [49–86].
Just like the exclusive decays of B-mesons, the decay Λb → Λ`+`− is prone by the uncertainties arising due to
form factors. However, at present the Λb → Λ transition form factors are calculated using lattice QCD calculations
with high precision [87] and to have their profile in the full q2 range, these form factors are extrapolated using the
Bourrely-Caprini-Lellouch parametrization [88]. The lattice results are quite consistent with the recent QCD light-
cone sum rule calculation [51] with an added benefit that is much smaller uncertainty in most of the kinematic range.
However, in contrast to the B decays, the QCD factorization is not fully developed for the b-baryon decays, therefore,
we will not include these non-factorizable contributions in the present study. After having a control on the hadronic
uncertainties that mimic in the form factors, the next choice is to find the observables that are relatively clean.
In line with the B → K∗(→ Kpi)µ+µ− decays, we have calculated combinations of different angular observables
in Λb → Λ(→ ppi)µ+µ− decays, namely, forward-backward asymmetries (A`FB , AΛFB , A`ΛFB), the longitudinal (FL)
and transverse (FT ) fractions of dimuon, the longitudinal asymmetry αL, the transverse asymmetry αU and the
observables named as Pi’s that are derived from different foldings, in the SM at its first right.
It has been observed that in order to explain the RK anomaly in the B → K`+`− decays, the possible candidate is
the Z ′ model [90]. The economy of these Z ′ models is that they can be accommodate to the SM only by extending
the electroweak SM group by an additional U(1)′ gauge group to which the extra-gauge boson Z ′ is associated. Also,
in the grand unification theories (GUTs) such as SU(5) or string inspired E6 models [91–95], one of the relevant
scenarios is the family non-universal Z ′ model [96, 97] and the leptophobic Z ′ models [98, 99]. The direct signature
of an extra Z ′ boson is still missing in the analysis of data taken so far at the LHC [100] experiment, but we already
had some indirect constraints on the couplings of Z ′ gauge boson through low energy processes that are crucial and
complementary for direct searches Z ′ → e+e− at Tevatron [101]. The additional interesting thing that the family
non-universal Z ′ models have in their account is the new CP-violating phase which has large effects on various FCNC
processes [97, 102], such as Bs− B¯s mixing [103–107] and rare hadronic and B-meson decays [108–110]. As extending
the SM group by an extra U(1)′ gauge group does not change the operator basis of the SM, therefore, the Z ′ model
belongs to a class of Minimal Flavor violating Models having its imprints in the Wilson coefficients that correspond
to the SM operators. Keeping in view that among the different hadrons produced at the LHCb, almost 20% will
be the Λb baryons, it is expected that in future the results of decay distributions and different angular asymmetries
will be available with much better statistics. Therefore, in addition to the SM calculation of the different observables
mentioned above, we have studied the impact of different Z ′ parameters on these observables in different bins of s.
The paper is organized as follows: In section II, theoretical framework for the decay Λb → Λ(→ ppi)`+`− has been
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discussed. Helicity amplitudes for the decay are written in terms of transition form factors and four fold differential
decay distributions. After summarizing the Wilson coefficients and other parameters of the Z ′ model in section III,
we have given the calculation of several observables that have been obtained using four-folded angular distributions
in section IV. Section V presents the numerical analysis of the observables done in the SM and in the Z ′ model and
here we compare the results of certain asymmetries with the measurements available from the LHCb experiment. In
addition to the tabular form of the results, these have also been plotted graphically in the same section. Finally, the
main findings are concluded in the last section.
II. EFFECTIVE HAMILTONIAN FORMALISM FOR THE SM AND Z′ MODEL
The quark level decay governing the Λb → Λ(→ ppi)µ+µ− is b → sµ+µ−. In this decay of b−baryon, the short
distance effects are encoded in the Wilson coefficients, whereas the long distance contributions are incorporated
through the four quark operators. After integrating out the heavy degrees of freedoms, W±, Z bosons and top quark,
the SM effective Hamiltonian for these decays is
HeffSM = −
4GF√
2
αe
4pi
VtbV
∗
ts
∑
i=7,9,10
Ci (µ) Oi (2)
where GF is the Fermi coupling constant, VtbV
∗
ts are the CKM matrix elements, αe is the fine structure constant,
Ci (µ) with i = 7, 9, 10 are the Wilson coefficients corresponding to the electromagnetic operator O7 and semileptonic
operators O9,10 that are defined as:
O7 =
mb
e
[sσµνPRb]Fµν , O9 = [sγ
µPLb]
[
`γµ`
]
, O10 = [sγ
µPLb]
[
`γµγ5`
]
.
It has already been mentioned that QCD factorization at low q2 is not fully developed for the hadronic b-baryon decay,
therefore, we have ignored the non-factorizable contributions here. 1 The factorizable non-local matrix elements of
the four quark operators O1−6 and Og8 are encoded into effective Wilson coefficients Ceff7 (s) and Ceff9 (s) where s
is dilepton squared mass q2 (qµ = pµ1 − pµ2 ). In high q2 region, the Wilson coefficients Ceff7 (s) and Ceff9 (s) can be
written as [29]:
Ceff7 (s) = C7 −
1
3
(
C3 +
4
3
C4 + 20C5 +
80
3
C6
)
− αs
4pi
[
(C1 − 6C2)F (7)1,c (s) + C8F (7)8 (s)
]
,
Ceff9 (s) = C9 +
4
3
(
C3 +
16
3
C5 +
16
9
C6
)
− h(0, s)
(
1
2
C3 +
2
3
C4 + 8C5 +
32
3
C6
)
−
(
7
2
C3 +
2
3
C4 + 38C5 +
32
3
C6
)
h(mb, s) +
(
4
3
C1 + C2 + 6C3 + 60C5
)
h(mc, s)
−αs
4pi
[
C1F
(9)
1,c (s) + C2F
(9)
2,c + C8F
(9)
8 (s)
]
(3)
where h(mq′ , s) with q
′ = b , c corresponds to the fermionic loop functions. These h(mq′ , s) along with the functions
F
(7,9)
8 and F
(7,9)
(1,2,c) are calculated in refs. [52, 89].
Long ago Langacker and Plu¨macher have included a family non-universal Z ′ boson through additional U(1)′ gauge
symmetry [97]. In contrast to the SM, having non-diagonal chiral coupling matrix, in a family non-universal Z ′
1 In case of B → K∗µ+µ− decay, it is evident that the non-factorizable charm-loop effects (i.e., corrections that are not described using
hadronic form factors) play a sizeable role in the low q2 region [38] and the same is expected in case of the decay under consideration.
However, in the present study we shall neglect their contributions because there is no systematic framework available in which these
non-factorizable charm-loop effects can be calculated in the baryonic decays [51]. Therefore, our results at low q2 are effected by the
uncertainities due to these contributions. In the whole q2 range, the effective Wilson coefficients are given in Eq. (3). According to ref.
[87], we use Eq. (3) in low and high q2 region by increasing 5% uncertainty. Thus having a control on the non-factorizable contributions
in baryonic decays will help us to hunt the deviations from the SM predictions.
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model, the FCNC transitions b → s`+`− could be induced at tree level. Ignoring the Z − Z ′ mixing along with the
assumption that the couplings of right handed quark flavors with Z ′ boson are diagonal and the effective Hamiltonian
for b→ s`+`− transition corresponding to Z ′ boson becomes [111–113]:
HZ′eff (b→ s`+`−) = −
2GF√
2
VtbV
∗
ts
[
BsbS
L
``
VtbV ∗ts
(s¯b)V−A(¯`` )V−A +
BsbS
R
``
VtbV ∗ts
(s¯b)V−A(¯`` )V+A
]
. (4)
In Eq. (4), SL`` and S
R
`` represent the couplings of Z
′ boson with the left- and right-handed leptons, respectively. The
corresponding off-diagonal left-handed coupling of quarks with new Z ′ boson is taken care of Bsb = |Bsb|e−iφsb with
φsb a new weak phase. In a more sophisticated form, the above Eq. (4) can be written as
HZ′eff (b→ s`+`−) = −
4GF√
2
VtbV
∗
ts
[
ΛsbC
Z′
9 O9 + ΛsbC
Z′
10O10
]
, (5)
where
Λsb =
4pie−iφsb
αEMVtbV ∗ts
; CZ
′
9 = |Bsb|SLL ; CZ
′
10 = |Bsb|DLL , (6)
and
SLL = S
L
`` + S
R
`` ; DLL = S
L
`` − SR`` . (7)
By comparing Eq. (2) and Eq. (5) it can be noticed that except Ceff7 , which is absent in Z
′ model, the operator
basis of the family non-universal Z ′ model is same as that of the SM for O9 ,10. Hence the contribution arising due
to the extra Z ′ boson is absorbed in the Wilson coefficients Ceff9 and C10.
The total amplitude for the decay Λb → Λ`+`− is the sum of the SM and Z ′ contribution and it can be formulated
in terms of Λb → Λ matrix elements as
Mtot(Λb → Λ`+`−) = − GFα
2
√
2pi
VtbV
∗
ts[〈Λ(k)|s¯γµ(1− γ5)b|Λb(p)〉{Ctot9 (¯`γµ`) + Ctot10 (¯`γµγ5`)}
−2mb
q2
Ceff7 〈Λ(k)|s¯iσµνqν(1 + γ5)b|Λb(p)〉¯`γµ`], (8)
where Ctot9 = C
eff
9 + ΛsbC
Z′
9 and C
tot
10 = C
SM
10 + ΛsbC
Z′
10 , with C
eff
9 defined in Eq. (3).
III. HELICITY AMPLITUDES AND FORM FACTORS FOR Λb → Λ TRANSITIONS
The matrix elements for the Λb → Λ transition for different possible currents, can be straightforwardly parameterized
in terms of the form factors. The helicity formalism provide a convenient way to describe these transformations. The
helicity amplitudes Hi(s1, s2) with i corresponding to vector (V ), axial-vector (A) tensor (T ) and axial-tensor (T5)
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currents can be written as [46]:
HV (s1, s2) ≡ ∗µ(λ) 〈Λ (p2, s2) |sγµb|Λb (p1, s1)〉
= f0 (s)
mΛb −mΛ√
s
[u¯ (p2, s2)u (p1, s1)] + 2f+ (s)
mΛb +mΛ
s+
(p2 · ∗ (0)) [u¯ (p2, s2)u (p1, s1)]
+f⊥ (s) [u¯ (p2, s2) /
∗ (±)u (p1, s1)] (9)
HA (s1, s2) ≡ ∗µ(λ) 〈Λ (p2, s2) |s¯γµγ5b|Λb (p1, s1)〉
= −g0 (s) mΛb +mΛ√
s
[u¯ (p2, s2) γ5u (p1, s1)]− 2g+ (s) mΛb −mΛ
s−
(p2 · ∗ (0)) [u¯ (p2, s2) γ5u (p1, s1)]
+g⊥ (s) [u¯ (p2, s2) /
∗ (±) γ5u (p1, s1)] (10)
HT (s1, s2) ≡ ∗µ(λ) 〈Λ (p2, s2) |s¯iσµνqνb|Λb (p1, s1)〉
= −2h+ (s) s
s+
(p2 · ∗ (0)) [u¯ (p2, s2)u (p1, s1)]− h⊥ (s) (mΛb +mΛ) [u¯ (p2, s2) /∗ (±)u (p1, s1)] (11)
HT5 (s1, s2) ≡ ∗µ(λ) 〈Λ (p2, s2) |s¯iσµνqνγ5b|Λb (p1, s1)〉
= −2h˜+ (s) s
s−
(p2 · ∗ (0)) [u¯ (p2, s2) γ5u (p1, s1)] + h˜⊥ (s) (mΛb −mΛ) [u¯ (p2, s2) /∗ (±) γ5u (p1, s1)]
. (12)
where p1(s1) and p2(s2) are the momentum (spin) of Λb and Λ, respectively. The dilepton polarization vector is
written as ∗µ(λ) with λ = t , 0 ,± and their explicit definitions are given in ref. [46] and are summarised in Appendix.
In Eqs. (9, 10, 11) and Eq. (12), the functions fi(s), gi(s), hi(s) and h˜i(s) with i = 0 ,+ ,⊥ are the transition
form factors. In the heavy quark spin symmetry, the symmetry where the spin of spectator-diquark remains same
in initial and final state, the number of form factors are reduced. The tensor form factors can be written in terms
of vector and axial-vector form factors and with this symmetry we can also equate the longitudinal and transverse
form factors. Thus it reduces the number of independent form factors to two i.e., the Isuger-wise relations ξ1 and ξ2.
The form factors, being the non-perturbative quantities needed to be calculated in some model. In the decay under
consideration here, we will use the form factors that are calculated in Lattice QCD with much better control on the
various uncertainties. In full dilepton mass square range these can be expressed as [87]:
f(s) =
af0 + a
f
1z(s) + a
f
2 (z(s))
2
1− s/(mfpole)2
, (13)
where, the inputs af0 , a
f
1 and a
f
2 are summarized in Tables I and II. The parameter z is defined as [87]
z(s) =
√
t+ − s−√t+ − t0√
t+ − s+√t+ − t0 (14)
with t0 = (mΛb −mΛ)2 and t+ = (mB +mK)2.
IV. ANGULAR DISTRIBUTION AND PHYSICAL OBSERVABLES
The four-folded angular distribution of the four-body Λb → Λ(→ ppi)µ+µ− decay, with an unpolarized Λb can be
written in terms of Kl,m where l and m denotes the relative angular momentum and its third component for ppi and
µ+µ− systems, respectively as [46]
d4Γ
ds d cos θΛ d cos θ` dφ
=
3
8pi
[
K1s′s′ sin
2 θ` +K1cc cos
2 θ` +K1c cos θ` + (K2s′s′ sin
2 θ` +K2cc cos
2 θ` +K2c cos θ`) cos θΛ
+(K3s′c sin θ` cos θ` +K3s′ sin θ`) sin θΛ sinφ+ (K4s′c sin θ` cos θ` +K4s′ sin θ`) sin θΛ cosφ
]
(15)
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TABLE I. The values of form factors along with uncertainties calculated in the framework of lattice QCD with (2 + 1) flavor
dynamics for Λb → Λ transition [87].
Parameter Input Parameter Input Parameter Input
a
f+
0 0.4229± 0.0274 af+1 −1.3728± 0.3068 af+2 107972± 1.1506
af00 0.3604± 0.0277 af01 −0.9284± 0.3453 af02 0.9861± 1.1988
a
f⊥
0 0.5748± 0.0353 af⊥1 −1.4781± 0.4030 af⊥2 1.2496± 1.6396
a
g+
0 0.3522± 0.0205 ag+1 −1.2968± 0.2732 ag+2 2.7106± 1.0665
ag00 0.4059± 0.0267 ag01 −1.1622± 0.2929 ag02 1.1490± 1.0327
a
g⊥
0 0.3522± 0.0205 ag⊥1 −1.3607± 0.2949 ag⊥2 2.4621± 1.3711
a
h+
0 0.4753± 0.0423 ah+1 −0.8840± 0.3997 ah+2 −0.8190± 1.6760
a
h⊥
0 0.3745± 0.0313 ah⊥1 −0.9439± 0.2766 ah⊥2 1.1606± 1.0757
a
h˜+
0 0.3256± 0.0248 ah˜+1 −0.9603± 0.2303 ah˜+2 2.9780± 1.0041
a
h˜⊥
0 0.3256± 0.0248 ah˜⊥1 −0.9634± 0.2268 ah˜⊥2 2.4782± 0.9549
TABLE II. Pole masses for different form factors [87].
f JP mfpole
f0 0
+ 5.711
f+, f⊥, h+, h⊥ 1− 5.416
g0 0
− 5.367
g+, g⊥, h˜+, h˜⊥ 1+ 5.750
In Eq. (15), θ` and θΛ are the helicity angles, φ is the azimuthal angle and s is the dilepton mass square. The
different kinematic relations are defined in ref. [46]. The different angular coefficients correspond to the particular
values of the (l ,m), e.g., the coefficients of cos2 θl, sin
2 θl and cos θ` correspond to K0, 0 whereas coefficients of
cos2 θ` cos θΛ, sin
2 θ` cos θΛ and cos θ` cos θΛ correspond to K1, 0 and the last four terms corresponds to K1, 1. These
angular parameters Ki j , where i = 1, · · · , 4 and j = s′s′, cc, c, s′c, s′ are functions of the square of momentum transfer
s. In terms of the transversity amplitudes, their explicit expressions are summarized in Appendix.
From the four-fold angular decay distribution, a number of physical observables can be obtained after integrating
on different parameters among θ`, θΛ, φ and s.
b
FIG. 1. Λb → Λ(→ ppi)µ+µ− decay topology, where θ`, θ = θΛ are the helicity angles and φ is azimuthal angle.
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A. Differential decay rate and different asymmetry parameters
One of the most important observables, both from the theoretical and experimental point of view, is the differential
decay distribution. By integrating over θ` ∈ [0, pi], θΛ ∈ [0, pi] and φ ∈ [0, 2pi], the expression for the differential
decay rate becomes
dΓ
ds
= K1cc + 2K1s′s′ (16)
In addition to the decay rate, we can extract a number of asymmetry parameters that correspond to different angels
and they can be separated out by doing different integrations one by one. For example, by integrating on θ` ∈ [0, pi]
and φ ∈ [0, 2pi], the expression for the differential decay rate takes the form
dΓ
dsd cos θΛ
= (K1cc + 2K1s′s′)[1 + αθΛ cos θΛ] (17)
where αθΛ is the asymmetry parameter for the longitudinal polarization of the Λ baryon. It can be noticed that if we
integrate Eq. (17) on θΛ ∈ [0, pi], we get back the Eq. (16). In terms of the helicity parameters Ki j , the asymmetry
parameter αθΛ can be expressed as follows:
αθΛ =
K˜2cc + 2K˜2s′s′
K1cc + 2K1s′s′
(18)
with K˜i,j =
Ki,j
αΛ
. Here αΛ is the asymmetry parameter corresponding to the parity violating Λ→ ppi− decay and its
experimental value is αΛ = 0.642± 0.013 [116].
Similarly, by performing an integration on θΛ ∈ [0, pi] and φ ∈ [0, 2pi] and leaving the angle θ`, we will have
asymmetries corresponding to angle θ`. In terms of αθ` and α
′
θ`
, the differential decay rate can be formulated as
dΓ
dsd cos θ`
= K1s′s′ [1 + αθ` cos
2 θ` + α
′
θ`
cos θ`] (19)
with
αθ` =
K1cc −K1s′s′
K1s′s′
, α′θ` =
K1c
K1s′s′
(20)
On the same lines, if we perform integration on the helicity angles θ` ∈ [0, pi] and θΛ ∈ [0, pi], Eq. (15) can be written
in terms of asymmetries corresponding to the angle φ as
dΓ
dsdφ
= (K1cc + 2K1s′s′)[1 + αφ cosφ+ α
′
φ sinφ] (21)
where
αφ =
3pi2K˜4s′
16(K1cc + 2K1s′s′)
, α′φ =
3pi2K˜3s′
16(K1cc + 2K1s′s′)
. (22)
From Eq. (15), the s dependence of the transverse (αU ) and longitudinal (αL) asymmetry parameters is written in
the following form [114]:
αU =
K˜2cc
K1cc
, αL =
K˜2s′s′
K1s′s′
(23)
Even though one of the important observables is the decay rate, but it is a prone by the uncertainties arising from
different input parameters where the major contributors are the form factors. It is a well established fact that the
zero position of the forward-backward asymmetry in the different semileptonic decays of B-meson have a minimal
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dependence on the form factors [115]. Based on these observations the different forward-backward asymmetries are
exploited in the Λb decays [46–48, 73, 74]. The forward-backward asymmetries corresponding to the lepton angle θ`
is defined as A`FB = (F −B)/(F +B). Similarly, the hadron-side forward backward asymmetry, i.e., the asymmetry
corresponding to the hardronic angle θΛ is A
Λ
FB = (F − B)/(F + B). In both cases, F and B are the forward and
backward hemispheres, respectively. From Eq. (15), these forward-backward asymmetries become
A`FB =
3K1c
4K1s′s′ + 2K1cc
, AΛFB =
2K2s′s′ +K2cc
4K1s′s′ + 2K1cc
(24)
We take this opportunity to mention that in case of the Λb → Λ(→ ppi)µ+µ− decay, the sequential decay Λ→ ppi is
parity-violating. Therefore, the helicity components with the polarizations of proton to be ± 12 are not the same and
hence the hadron-side forward-backward asymmetry is non-zero in these b-baryon decays. This is contrary to what
we have seen in the B → K∗(→ Kpi)µ+µ− decay. In addition to this, the combined lepton-hadron forward-backward
asymmetry can be expressed as
A`ΛFB =
3K2c
8K1s′s′ + 4K1cc
(25)
According to experimental point of view, the other interesting observables are the fractions of longitudinal (FL)
and transverse (FT ) polarized dimuons in Λb → Λµ+µ− decay and these have already been measured in different bins
by the LHCb Collaboration [118]. In order to achieve the mathematical formula of these helicity fractions we have
to integrate the four-folded differential decay rate given in Eq. (15) on θΛ ∈ [0, pi] and φ ∈ [0, 2pi]. Their explicit
expressions in terms of Ki j are
FT =
2K1cc
2K1s′s′ +K1cc
, FL = 1− FT = 2K1s
′s′ −K1cc
2K1s′s′ +K1cc
(26)
B. Decay foldings and angular coefficients
The four-fold decay distribution defined in Eq. (15) gives us a chance to single out the different physical observables
by studying different foldings. In semileptonic B-meson decays, such foldings have been studied in detail especially
the penguin asymmetries P, where P (′)5 is the most important [15]. On the same lines, by using the foldings defined
in Table III, corresponding to different variations of azimuthal angle φ while taking θ` ∈ [0, pi2 ] and θΛ ∈ [0, pi2 ], these
foldings can be expressed in terms of different angular coefficients as:
dΓ1
Γ̂
=
3
8pi
[
2
K1cc
Γ̂
+ P1 sin2 θ` + 1
2
P9 cos θΛ + P2 sin2 θl cos θΛ + 1
2
P8 cos θ` + P3 cos θ` cos θΛ
]
dΓ2
Γ̂
=
3
8pi
[
4
K1cc
Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cosφ+ 2P4 sin θ` cos θ` sin θΛ sinφ
]
dΓ3
Γ̂
=
3
8pi
[
4
K1cc
Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cosφ+ 2P5 sin θ` cos θ` sin θΛ cosφ+ P8 cos θ`
]
dΓ4
Γ̂
=
3
8pi
[
4
K1cc
Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cosφ+ P7 sin θ` sin θΛ sinφ
]
dΓ5
Γ̂
=
3
8pi
[
4
K1cc
Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cosφ+ 2P3 cos θ` cos θΛ
]
dΓ6
Γ̂
=
3
8pi
[
4
K1cc
Γ̂
+ 2P1 sin2 θ` + P9 cos θΛ + 2P2 sin2 θ` cos θΛ + P6 sin θ` sin θΛ cosφ
]
(27)
Following things can be noticed from Eq. (27):
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TABLE III. Foldings required for Pi’s for which θΛ ∈ [0, pi2 ], θl ∈ [0, pi2 ] and φ vary in different range corresponding to different
observables [15].
Sr. no. Folding φ Range
1. dΓ (φ, θl, θΛ) + dΓ (φ− pi, θl, θΛ) [0, pi]
2. dΓ (φ, θl, θΛ) + dΓ (φ, θl, pi − θΛ) + dΓ (−φ, pi − θl, θΛ) + dΓ (−φ, pi − θl, pi − θΛ) [0, pi]
3. dΓ (φ, θl, θK) + dΓ (φ, θl, pi − θΛ) + dΓ (−φ, θl, θΛ) + dΓ (−φ, θl, pi − θΛ) [0, pi]
4. dΓ (φ, θl, θΛ) + dΓ (φ, θl, pi − θΛ) + dΓ (φ, pi − θl, θΛ) + dΓ (φ, pi − θl, pi − θΛ) [0, pi]
5. dΓ (φ, θl, θΛ) + dΓ (−φ, θl, θΛ) + dΓ (φ, pi − θl, pi − θΛ) + dΓ (−φ, pi − θl, pi − θΛ) [0, pi]
6. dΓ (φ, θl, θΛ) + dΓ (−φ, θl, θΛ) + dΓ (φ, pi − θl, θΛ) + dΓ (−φ, pi − θl, θΛ) [0, pi]
7. dΓ (φ, θl, θΛ) + dΓ (pi − φ, θl, θΛ) + dΓ (φ, pi − θl, θΛ) + dΓ (pi − φ, pi − θl, θΛ) [−pi/2, pi/2]
8. dΓ (φ, θl, θΛ) + dΓ (pi − φ, θl, θΛ) + dΓ (φ, pi − θl, pi − θΛ) + dΓ (pi − φ, pi − θl, pi − θΛ) [−pi/2, pi/2]
• The coefficients of sin2 θ` and sin2 θ` cos θΛ correspond to the angular coefficients named as P1 and P2, respec-
tively.
• The coefficient of cos θ` cos θΛ corresponds to the angular coefficient P3 and that of sin θ` cos θ` sin θΛ sinφ is P4.
• P5 is the coefficient of sin θ` cos θ` sin θΛ cosφ, where as P6 is the coefficient of sin θ` sin θΛ cosφ.
• P7, P8 and P9 are the coefficients of sin θ` sin θΛ sinφ, cos θ` and cos θΛ, respectively.
In terms of the different helicity components, the angular coefficients Pi, i = 1, ..., 9 are
P1 = 2
Γ̂
(K1ss −K1cc) , P2 = 2
Γ̂
(K2ss −K2cc) , P3 = 2K2c
Γ̂
,
P4 = 2K3sc
Γ̂
, P5 = 2K4sc
Γ̂
, P6 = 4K4s
Γ̂
P7 = 4K3s
Γ̂
, P8 = 4K1c
Γ̂
, P9 = 4K2cc
Γ˜
(28)
where Γ̂ = dΓds . It is worth mentioning that while obtaining the different Pi’s, we have used the first six foldings
defined in Table III, because the last two foldings do not add any new observable.
In order to compare the results with some of the experimentally measured observables and to propose possible
candidates that might be useful to establish new physics, the interesting quantities are the normalized fractions
calculated in different bins of square of dimuon momentum i.e., s = q2. The normalized branching ratio, various
asymmetry observables and different angular coefficients can be calculated as
〈X〉 =
smax∫
smin
X ds
smax∫
smin
(dΓds )ds
. (29)
V. NUMERICAL ANALYSIS
In this section we discuss the numerical results obtained for different observables defined in Section-IV both in the
SM and Z ′ model for the Λb → Λ(→ ppi)µ+µ− decay. In Λb → Λ decays, the final state Λ→ ppi− is a parity-violating
decay and the corresponding asymmetry parameter (αΛ) is measured experimentally [116]. This is really helpful
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TABLE IV. Numerical values of the different input parameters corresponding to the SM [87, 116]. The Wilson coefficients at
the scale µb = 4.2 GeV, to NNLL accuracy in the SM [120].
GF 1.16638× 10−5 αs(mZ) 0.1182 mpoleb 4.78
µ 4.2 mZ 91.1876 αe
1
128
mpi 0.135 mK 0.494 mΛb 5.619
mB 5.279 VtbV
∗
ts 0.04152 mΛ 1.116
τΛb 1.466ps αΛ 0.64 C1 −0.294
C2 1.017 C3 −0.0059 C4 -0.087
C5 0.0004 C6 0.001 C7 −0.324
C8 −0.176 C9 4.114 C10 −4.193
TABLE V. Numerical values of the parameters corresponding to the different scenarios of Z′ model [110].
|Bsb| × 10−3 φsb (in degrees) SLL × 10−2 DLL × 10−2
S1 1.09± 0.22 −72± 7 −2.8± 3.9 −6.7± 2.6
S2 2.20± 0.15 −82± 4 −1.2± 1.4 −2.5± 0.9
S3 4.0± 1.5 150± 10 0.8 −2.6
in disentangling the direct Λb → ppi−µ+µ− from the one that is occurring through the intermediate Λ decay that
subsequently decays to ppi−. This is contrary to B → K∗(→ Kpi)µ+µ− decay where the final state K∗ meson decays
to Kpi via strong interaction. Therefore, the angular analysis of Λb → Λ(→ ppi−)µ+µ− decay is quite interesting
both theoretical and experimental point of views [46, 47]. In addition to the above given input parameters, the other
important ingredient in the numerical calculations in Λb decays is the form factors. In the numerical calculation, we
will use one of the most accurately calculated form factors at the QCD lattice [87] with 2+1 flavor dynamics (c.f.
Table I) along with the NNLL corrections to the form factors for the SM that are given in [89, 117].
In addition to the form factors, the numerical values of the other input parameters that correspond to the SM and
Z ′ model are given in Tables IV and V, respectively. Using these values a quantitative analysis of above calculated
observables in various bins of s is presented in Tables VI, VII and VIII. In the whole analysis, we have observed that
the results are not sensitive to the different scenarios of the Z ′ model, therefore, we have used only the scenario S1 to
generate the results in various bins of s.
The first observable that is of the prime interest both from the theoretical and experimental point of views is the
branching ratio in different bins of s that can be set up by the experimentalists. From Eq. (16), in a bin s ∈ [1.1, 6]
GeV2 (large-recoil) the average value of branching ratio in the SM and Z ′ model read
〈Br〉SM = (0.466+0.760−0.394)× 10−7,
〈Br〉Z′ = (0.709+0.115−0.601)× 10−7, (30)
whereas the measured value at the LHCb experiment in this particular bin is [118]
〈Br〉exp = (0.09+0.06−0.05)× 10−7. (31)
By looking at Eqs. (30) and (31), we can say that the deviations from the measured value in this bin are quite large
in the SM and ever larger in the Z ′ model. One of the possible reason of such large deviation is that the form factors
are not very precisely calculated in this region. Contrary to this, the calculation of form factors is more precise in
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s ∈ [15, 20] GeV2 (low-recoil). In this bin the average value of branching ratio in the SM and Z ′ model become
〈Br〉SM = (0.731+0.198−0.187)× 10−7,
〈Br〉Z′ = (1.179+0.271−0.233)× 10−7. (32)
The experimentally measured value in this bin is [118]
〈Br〉exp = (1.20± 0.25)× 10−7. (33)
It can be reconciled that in this region, the deviations form the measured values are small compared to that of the
large-recoil bin and in this case, the deviations are 3.2σ and 0.1σ in the SM and Z ′ model, respectively. Hence, the
results of branching ratio in Z ′ model for low-recoil bin look more promising when compared with the corresponding
experimental value. In future, when we have more data from the LHCb experiment and Belle II, on one hand it will
give us a chance to see the possible hints of the extra neutral Z ′ boson and on the other hand it help us to test the
SM predictions with better accuracy.
It is well known fact that the branching ratio is prone by the uncertainties arising due to the form factors. In order
to cope with some of the uncertainties, there are the observables such as the Λ baryon forward-backward asymmetry
(AΛFB) and lepton forward-backward asymmetry (A
`
FB) that are measured w.r.t. the baryon angle θΛ and lepton angle
θl, respectively. The asymmetry A
Λ
FB can be expressed in terms of the ratio of linear combination of the angular
coefficients K2ss and K2cc to that of the linear combination of the angular coefficients K1ss and K1cc as given in Eq.
(24). Due to the change in the value of Wilson coefficient C9 in Z
′ model, K2ss and K2cc get more contribution as
compared to the K1ss and K1cc. Hence, it will result in the significantly different values of (A
Λ
FB) in the SM and Z
′
model. In the first large-recoil bin s ∈ [0.1, 2] GeV2, our results for (AΛFB) in the SM and Z ′ model are
〈AΛFB〉SM = −0.311+0.002−0.001 , 〈AΛFB〉Z′ = −0.067+0.009−0.002 ,
whereas the experimental result in this bin is [118]
〈AΛFB〉exp = −0.12+0.31−0.28 .
It can be noticed that in comparison with the central values of experimental measurements in s ∈ [0.1, 2] GeV2, the
value of Z ′ model is 1.8 times smaller, whereas, the one in the SM is 2.5 times higher. In low-recoil region (s ∈ [15, 20]
GeV2) the calculated values of (AΛFB) are
〈AΛFB〉SM = −0.273+0.003−0.002 , 〈AΛFB〉Z′ = −0.137+0.001−0.001
and the experimental value in this particular bin is [118]
〈AΛFB〉exp = −0.29+0.07−0.07 .
It can be easily seen that at low-recoil, the SM prediction is close to experimentally measured value and the deviation
is 0.2σ. The Z ′ value of (AΛFB) exceeds from experimental result by 2.2σ. From the above discussion, it is clear that
in the first bin of large-recoil both the SM and Z ′ model values deviate significantly from the experimental result of
this bin, whereas at low recoil the SM prediction is much closer to experimental result as compared to Z ′ model. We
hope in future, when more data will come from the LHCb, the results of measurements will become more concrete to
compare with the SM and too see if the deviations can be accommodated with the Z ′ model.
Another observable which is clean from the QCD uncertainties and that has been experimentally measured is the
leptons forward-backward asymmetry (A`FB) which is an asymmetry w.r.t. the lepton scattering angle (θl) and its
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mathematical expression is given in Eq. (24). Here, it can be noticed that (A`FB) depends on the angular coefficient
K1c and its denominator is same as that of A
Λ
FB . The angular coefficient K1c is higher for the SM than Z
′ model for
s < 4 GeV2, whereas its behavior reverses when s > 4 GeV2. For s < 4 GeV2, K1c is dominated by C
Z′
9 whereas for
s > 4 GeV2, the terms containing CZ
′
7 dominate over the one that contain C
Z′
9 . Therefore, A
`
FB increases with s at
the start of large-recoil and then it starts decreasing and crosses zero point at around 4 GeV2. Our results for 〈A`FB〉
in the SM and Z ′ model calculated in an experimentally set-up bin [0.1, 2] GeV2 are
〈A`FB〉SM = 0.083+0.001−0.035 , 〈A`FB〉Z′ = 0.040+0.003−0.024 .
The experimental value of (A`FB) in the corresponding bin is [118]
〈A`FB〉exp = 0.37+0.37−0.48. (34)
In Eq. (34), one can see that the errors are significantly large and it is likely to have an improvement from the future
data of LHCb. However, the current central values are significantly away from the SM and Z ′ values, respectively. In
low-recoil region (s ∈ [15, 20] GeV2) this asymmetry results
〈A`FB〉SM = −0.180+0.007−0.005 , 〈A`FB〉Z′ = −0.135+0.003−0.002
and to compare with the corresponding experimental value in this bin is
〈A`FB〉exp = −0.05+0.09−0.09.
It can be extracted that in this particular bin the average value of A`FB in Z
′ is comparable to the lower limit of the
experimentally measured value, i.e., −0.14.
In the category of the forward-backward asymmetry, the last is the combined forward-backward asymmetry A`ΛFB
which mainly depends on the angular coefficient K2c (c.f. Eq. (25)). Compared to the SM, the value of K2c is higher
in the Z ′ model. At large-recoil our results in the SM and Z ′ model are
〈A`ΛFB〉SM = −0.011+0.003−0.006 , 〈A`ΛFB〉Z′ = −0.009+0.002−0.003 ,
whereas at the low-recoil, the combined hadron-lepton forward-backward asymmetry is
〈A`ΛFB〉SM = 0.069+0.002−0.002 , 〈A`ΛFB〉Z′ = 0.087+0.001−0.002 .
It can be seen that at large-recoil the deviations between the SM and Z ′ model is small and it grows significantly in
the low-recoil region.
The next observable to be discussed here is the fraction of longitudinal polarization (FL) of the dilepton system.
Due to linear combinations of same angular coefficients (K1ss and K1cc) in both numerator and denominator of FL,
Z ′ model doesn’t make much difference from the SM. The values in one of the large-recoil bin [0.1, 2] for the SM and
Z ′ model are
〈FL〉SM = 0.576+0.031−0.174 , 〈FL〉Z′ = 0.463+0.018−0.095
and the corresponding experimental result is
〈FL〉exp = 0.56+0.23−0.56 .
It can be observed that it is in good agreement with the SM value and somewhat differ from the corresponding value
in Z ′ model for this bin.
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At low-recoil, the values of SM and Z ′ are
〈FL〉SM = 0.713+0.010−0.008 , 〈FL〉Z′ = 0.590+0.007−0.005
and the corresponding experimental result for this bin is
〈FL〉exp = 0.61+0.11−0.14 .
In contrast to the large-recoil, at low-recoil the results of FL in Z
′ model are closer to experimentally measured
results. Therefore, to uncover the imprints of neutral boson in the longitudinal helicity fraction of dimuon system in
Λb → Λ(→ ppi)µ+µ− decays, the low-recoil bin might provide us a fertile ground.
Having a comparison of the SM and Z ′ model with the experimentally measured values of the different observables
discussed above, we will now exploit some other observables that may be of interest in future at the LHCb and
different B-factories. In connection with the FL, the fraction of transverse polarization FT depends on K1cc and K1ss
and its value at the large recoil is
〈FT 〉SM = 0.136+0.021−0.002 , 〈FT 〉Z′ = 0.134+0.012−0.000 ,
where it can be seen that the value in the Z ′ is very close to the SM result. However, at the low-recoil
〈FT 〉SM = 0.287+0.008−0.010 , 〈FT 〉Z′ = 0.410+0.005−0.007 ,
the results of Z ′ model significantly differ from that of the SM. Hence, the measurement of fraction of transverse
polarization at low-recoil region will help us to see the possible contribution of neutral Z ′ boson in these b− baryon
decays.
It is well known that in case of the Λb → ΛJ/ψ the different asymmetries have been experimentally measured.
Motivated by this fact, let’s explore the asymmetries corresponding to the hadronic angle θΛ and θl one by one.
The asymmetry arising due to the angle θΛ is defined as αθΛ and its explicit expression is given in Eq. (18) and the
corresponding numerical values at low- and large-recoil bins are tabulated in Table VI. In the large-recoil bin s ∈ [1 , 6]
GeV2 the value reads as
〈αθΛ〉SM = −0.984+0.007−0.001 , 〈αθΛ〉Z′ = −0.390+0.027−0.006 .
Similarly, in low recoil bin s ∈ [15 , 20] GeV2, our calculated results for this observable are
〈αθΛ〉SM = −0.851+0.010−0.007 , 〈αθΛ〉Z′ = −0.427+0.001−0.001 .
Here we can see that αθΛ differs in Z
′ model from the SM results significantly in both low- and large-recoil bins.
Likewise, the asymmetry α′θ` that correspond to angle θ` given in Eq. (20) depends on the angular coefficient K1c,
therefore, its behavior is similar to A`FB . Results in the large-recoil bin s ∈ [1, 6] GeV2 for the SM and Z ′ model are
〈α′θ`〉SM = 0.047+0.039−0.016 , 〈α′θ`〉Z′ = 0.027+0.001−0.002 ,
where the value of α′θ` in the SM is 1.7 times to that of the Z
′ model value. Similarly in low-recoil bin (s ∈ [15, 20]
GeV2) the results are
〈α′θ`〉SM = −0.280+0.012−0.010 , 〈α′θ`〉Z′ = −0.225+0.006−0.004 .
It can be noticed that the results in low-recoil bin are an order of magnitude large than the corresponding values
in the large-recoil bin both in the SM and in Z ′ model. These values are quite large to be measured at the LCHb
experiment to test the predictions of the SM.
14
We now discuss αθ` , which depends upon the angular coefficients K1ss and K1cc. This is not significantly affected
from the couplings of Z ′ model and hence show little deviations from the SM especially in the large-recoil region. In
this region the numerical values are
〈αθ`〉SM = −0.854+0.024−0.002 , 〈αθ`〉Z′ = −0.857+0.014−0.001,
where it is clear that the values in both the models are almost the same. Similarly in low-recoil region, the results in
the SM and Z ′ model are
〈αθ`〉SM = −0.665+0.010−0.014 , 〈αθ`〉Z′ = −0.485+0.008−0.011.
In comparison to the low s region, here the values of α′θ` in the SM and Z
′ model differs significantly. Therefore,
to establish the possible new physics arising in the Z ′ model, the analysis of αθ` in the high s region will serve as a
useful probe.
Having a look at αφ discloses that it depends upon K4s. At very low s, C7 term dominates in the SM which results
in negative K4s but for s > 2 GeV
2, the Wilson Coefficient C9 term dominates which give positive results. But for
Z ′ model CZ
′
9 get affected much more than C
Z′
7 for the entire range of s and hence αφ is expected to be changed
significantly with s in the Z ′ model from the corresponding SM result. The values of αφ in the bin s ∈ [1, 6] GeV2
for the SM and Z ′ model are
〈αφ〉SM = 0.040+0.070−0.016 〈αφ〉Z′ = 0.130+0.015−0.060
and for low recoil region s ∈ [15, 20] GeV2, the values of observable are
〈αφ〉SM = 0.047+0.003−0.004 , 〈αφ〉Z′ = −0.448+0.004−0.006 .
Hence, it can be revealed that in the SM the value of αφ is almost the same in low- and large-recoil bins, which is not
the case for the Z ′ model where a large deviation is observed in both the bins. Also in both these bins the results
of Z ′ model are quite large compared to the SM results and the experimental observation of αφ will act as a useful
observable.
The longitudinal (transverse) asymmetry parameter αL (αU ) is ratio of the helicity combinations K2ss (K2cc) to
K1ss as depicted in Eq. (23). Their value in the large-recoil region is
〈αL(αU )〉SM = −0.989+0.006−0.000(−0.916+0.010−0.004) 〈αL(αU )〉Z′ = −0.386+0.016−0.003(−0.445+0.168−0.040)
where we can see that in this bin the values of both the longitudinal and the transverse asymmetry parameters in Z ′
model differ significantly from their respective values in the SM. This is due to the fact that the contribution of extra
neutral boson Z ′ affects the value of K1ss lesser than the K2ss(K2cc). Now in the low-recoil region
〈αL(αU )〉SM = −0.852+0.011−0.008(−0.844+0.003−0.002) 〈αL(αU )〉Z′ = −0.458+0.001−0.001(−0.307+0.002−0.002).
It can be deduced that the value of αL(αU ) in the Z
′ is half to that of the SM value in this bin. With the current
luminosity of the LHCb experiment, the value of these observables is in the measurable range. Hence the experimental
observation of these observables will give us a chance to test the predictions of the SM and a possibility to explore
the imprints of Z ′ boson in Λb → Λµ+µ− decays.
It is a well established fact that certain asymmetries, such as P(′)5 , that correspond to different foldings in B →
K∗µ+µ− have shown significant deviations from the SM predictions. This make them a fertile hunting ground to dig
for the various beyond SM scenarios that give possible explanation and Z ′ is one of them [119]. Motivated by this
15
fact, we have calculated such foldings in the decay under consideration and their expressions in terms of the helicity
combinations are given in Eq. (28). Among them the first one is the P1 which behaves very similar as FT . The
average values of P1 at large-recoil in the SM and Z ′ model are
〈P1〉SM = 0.796+0.002−0.031 , 〈P1〉Z′ = 0.799+0.001−0.018
and at low-recoil, the values are turn out to be
〈P1〉SM = 0.569+0.017−0.009 , 〈P1〉Z′ = 0.386+0.010−0.008 .
Here, we can see that in the large-recoil region, the values in the SM and Z ′ model are very close which is not the
situation in the low-recoil region where the value of the SM is 1.5 times to that of the Z ′ model.
P2 is the ratio of linear combination of K2ss and K2cc to total decay rate. In most of the bins the SM results are
more than twice of Z ′ model values and this can be seen in the results at large-recoil, which are
〈P2〉SM = 0.512+0.001−0.022 , 〈P2〉Z′ = 0.193+0.001−0.002 .
Similarly the situation persists at the low-recoil
〈P2〉SM = 0.316+0.003−0.002 , 〈P2〉Z′ = 0.153+0.004−0.003 .
The behavior of P3 is similar to AΛFB . The average values of P3 at large-recoil are
〈P3〉SM = −0.030+0.009−0.015 , 〈P3〉Z′ = −0.025+0.004−0.009 ,
whereas, the results at low-recoil become
〈P3〉SM = 0.184+0.004−0.007 〈P3〉Z′ = 0.232+0.003−0.004
It can be observed that just like P1 the asymmetry defined by P3, the average values in the SM and Z ′ model are
comparable at large-recoil but differ significantly at low-recoil. We have observed that with 3fb−1 of data, the LHCb
collaboration has measured the AhFB which is of the same order as that of P3. Therefore, it is expected that in future
P3 will be measured.
Average values of P5 at large recoil read as
〈P5〉SM = 0.030+0.048−0.013 , 〈P5〉Z′ = 0.034+0.013−0.004 ,
and results at low-recoil are
〈P5〉SM = 0.163+0.001−0.000 〈P5〉Z′ = 0.091+0.002−0.001
The case is also similar to P1 and P3 as values in both models are very close at large-recoil and deviations started to
appear at low-recoil region of s.
Now we come to P6 which depends on the angular coefficient K4s and hence it behaves as αφ. Values of the
observable in the SM and Z ′ at large-recoil become
〈P6〉SM = 0.056+0.097−0.023 , 〈P6〉Z′ = 0.180+0.021−0.083 ,
and results at low-recoil are
〈P6〉SM = 0.066+0.002−0.007 , 〈P6〉Z′ = 0.621+0.005−0.008 .
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From above results, it can be easily extracted that the value of P6 in Z ′ model differs significantly from the SM
results both at large- and low-recoil which is also the case for αφ. Especially, in the low-recoil region, the value of an
asymmetry is an order of magnitude larger from that in the large-recoil bin and it is in the experimentally measurable
range with the current luminosity of the LHCb experiment.
The next observable to be discussed is P8 which mainly depends on the angular coefficient K1c and therefore its
behavior is exactly similar as AlFB . Its results in large-recoil bin are
〈P8〉SM = 0.088+0.070−0.032 , 〈P8〉Z′ = 0.051+0.003−0.003 ,
and at low-recoil
〈P8〉SM = −0.480+0.020−0.012 , 〈P8〉Z′ = −0.359+0.007−0.006
We can see that there is an order of magnitude difference between the results at the large- and low-recoil region.
Therefore, the number of events required to see the deviations in the low-recoil region are much smaller compared to
dig out the results of this asymmetry in large-recoil region.
The last observable in this list is P9 which depends upon the angular coefficient K2cc. Its values at large-recoil are
〈P9〉SM = −0.160+0.001−0.023 , 〈P9〉Z′ = −0.076+0.024−0.007 ,
and at low-recoil, the results become
〈P9〉SM = −0.308+0.013−0.008 , 〈P9〉Z′ = −0.161+0.003−0.004 .
We can see that the value of the SM is almost twice to that of the Z ′ model in both regions.
In case of Λb → Λ(→ ppi)µ+µ− decay, the LHCb experiment has measured the value of branching ratio, forward-
backward asymmetries and longitudinal dimuon helicity fraction in small bins of s. Therefore, we have tabulated the
values of above mentioned observables in large- and low-recoil region in Table VI and various small bins in Tables VII
and VIII. In addition, to see the profile of these asymmetries we have plotted them graphically in Figs. 2, 3 and Fig.
4 with the square of dimuon momentum s. We hope that in future when more precise results of various asymmetries
will come from the LHCb, it will give us a chance to compare the profile of various asymmetries calculated here with
the experiments both for the SM and Z ′ model.
VI. CONCLUSION
In this study we have investigated the full four-folded angular distributions for the semileptonic b-baryon decay
Λb → Λ(→ ppi)µ+µ− in the SM and Z ′ model. At the quark level, this decay is mediated by the quark level transition
b→ sµ+µ− that is same for the well studied meson decay B → K∗µ+µ− decay. For Λb → Λ transitions, we have used
the high precision form factors calculated in the lattice QCD using 2 + 1 dynamical flavors along with the factorizable
non-local matrix elements of the four quark operators O1−6 and Og8 encoded into effective Wilson coefficients Ceff7 (s)
and Ceff9 (s). By using them we have calculated numerically the differential branching ratio
dB
ds , the lepton-, hadron-,
combined hardron-lepton forward-backward asymmetries (A`FB , A
Λ
FB , A
`Λ
FB), the various asymmetry parameters (α)’s,
the fractions of longitudinal (FL), transverse (FT ) polarized dimuons and different angular asymmetry observables
denoted by P in different bins of s.
• In the low-recoil bin s ∈ [15, 20] GeV2 the form factors from lattice are known to be most precisely, the results
of dBds in Z
′ model lies close to the experimental measurements in this bin. The SM results are significantly
smaller than the measurements in this low-recoil bin.
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FIG. 2. Branching ratio and various forward-backward asymmetries are plotted as a function of s. The yellow curve correspond
the SM results and red to the Z′ model. In both cases, the bands corresponds to the uncertainties in the form factors and
other input parameters.
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FIG. 3. Different asymmetry parameters denoted by α and P1 are plotted as function of s. The color coding is same as in Fig.
2.
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FIG. 4. The folded distributions P2,··· ,9, except P4 are plotted as function of s. The color coding is same as in Fig. 2.
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TABLE VI. Average values of different observables for Λb → Λ(→ ppi)µ+µ− in low and large recoil regions.
〈αθΛ〉
〈
α′θl
〉 〈αθl〉 〈αφ〉 〈α′φ〉 〈αU 〉
[1, 6]
SM
Z′
−0.984+0.007−0.001
−0.390+0.027−0.006
0.047+0.039−0.016
0.027+0.001−0.002
−0.854+0.024−0.002
−0.857+0.014−0.001
0.040+0.070−0.016
0.130+0.015−0.060
0.000+0.000−0.001
−0.002+0.001−0.000
−0.916+0.010−0.004
−0.445+0.168−0.040
[15, 20.25]
SM
Z′
−0.851+0.010−0.007
−0.427+0.001−0.001
−0.280+0.012−0.010
−0.225+0.006−0.004
−0.665+0.010−0.014
−0.485+0.008−0.011
0.047+0.003−0.004
0.448+0.004−0.006
−0.056+0.001−0.002
−0.049+0.002−0.002
−0.844+0.003−0.002
−0.307+0.002−0.002
〈αL〉 〈dB/ds〉 × 10−7 〈FT 〉 〈FL〉
〈
A`ΛFB
〉 〈P1〉
[1, 6]
SM
Z′
−0.989+0.006−0.000
−0.386+0.016−0.003
0.466+0.760−0.394
0.709+0.115−0.601
0.136+0.021−0.002
0.134+0.012−0.000
0.864+0.002−0.021
0.866+0.000−0.012
−0.011+0.003−0.006
−0.009+0.002−0.003
0.796+0.002−0.031
0.799+0.001−0.018
[15, 20.25]
SM
Z′
−0.852+0.011−0.008
−0.458+0.001−0.001
0.7310.1980.187
1.1790.2710.233
0.287+0.008−0.010
0.410+0.005−0.007
0.713+0.010−0.008
0.590+0.007−0.005
0.069+0.002−0.002
0.087+0.001−0.002
0.569+0.017−0.009
0.386+0.010−0.008
〈P2〉 〈P3〉 〈P5〉 〈P6〉 〈P8〉 〈P9〉
[1, 6]
SM
Z′
0.512+0.001−0.022
0.193+0.001−0.002
−0.030+0.009−0.015
−0.025+0.004−0.009
0.030+0.048−0.013
0.034+0.013−0.004
0.056+0.097−0.023
0.180+0.021−0.083
0.088+0.070−0.032
0.051+0.003−0.003
−0.160+0.001−0.023
−0.076+0.024−0.007
[15, 20.25]
SM
Z′
0.316+0.003−0.002
0.153+0.004−0.003
0.184+0.004−0.007
0.232+0.003−0.004
0.163+0.001−0.000
0.091+0.002−0.001
0.066+0.002−0.007
0.621+0.005−0.008
−0.480+0.020−0.012
−0.359+0.007−0.006
−0.308+0.013−0.008
−0.161+0.004−0.003
• In large-recoil region the results of hadron-side forward-backward asymmetry (AΛFB) is significantly away from
the experimental observations both for the SM and Z ′ model. However, in the low-recoil region the results of
the SM lies close to the experimental observations.
• The experimental measurements of lepton-side forward-backward asymmetry (A`FB) both in the low- and large-
recoil regions have significantly large errors. However, in the bin s ∈ [15, 20] GeV2 the lower limit is comparable
to the Z ′ model. We hope in future, when the statistics of the data will be improved it will help us to find the
signatures of extra neutral Z ′ boson.
• We have also predicted the values of lepton-hardon combined forward-backward asymmetry (A`ΛFB) both in the
SM and Z ′ model. It has been found that in the low-recoil bin the value of Z ′ model deviates significantly from
the SM result.
• The longitudinal polarization fraction FL of the dimuon system is measured experimentally where the statistics
is not good enough in the large-recoil bin as compared to the low-recoil region. In the region s ∈ [1, 6] GeV2
the central value of the SM is compatible with the central value of the experimental measurements. However,
in the bin s ∈ [15, 20] GeV2, where uncertainties in the form factors are better controlled, the experimental
observations favor the results of the Z ′ model.
• In line with these asymmetries, we have also calculated the transverse polarization fraction of dimuon system
FT , the asymmetry parameters α’s and different angular asymmetry observables Pi for i = 1, · · · , 9 in the SM
and Z ′ model. We have found significantly large values of some of these observables that can be measured in
the future at LHCb and Belle II.
In the end we would like to emphasis that some of the asymmetries calculated here were also reported in the SM
and alligned 2HDM in ref. [120] and our SM results matches with these results. We hope that in future, the precise
measurement of some of the asymmetries reported here in the four-folded distribution of Λb → Λ(→ ppi)µ+µ− decay,
in fine bins of the s at the LHCb and Belle II will help us to test the SM predictions in Λb decays with significantly
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TABLE VII. Numerical results for observables for the decay Λb → Λ(→ ppi)µ+µ− for the SM and Z′ in appropriate bins.
〈αθΛ〉
〈
α′θl
〉 〈αθl〉 〈αφ〉 〈α′φ〉 〈αU 〉
[0.1, 2]
SM
Z′
−0.970+0.012−0.014
−0.209+0.028−0.005
0.140+0.001−0.049
0.073+0.005−0.042
−0.463+0.315−0.049
−0.265+0.191−0.033
−0.058+0.129−0.026
−0.208+0.003−0.001
0.002+0.000−0.001
0.000+0.000−0.000
−0.933+0.034−0.051
−0.063+0.001−0.001
[1, 2]
SM
Z′
−0.983+0.005−0.002
−0.318+0.054−0.010
0.141+0.008−0.013
0.086+0.003−0.040
−0.788+0.223−0.028
−0.710+0.193−0.030
−0.032+0.110−0.020
−0.137+0.020−0.074
0.001+0.000−0.001
0.000+0.000−0.001
−0.932+0.036−0.051
−0.140+0.061−0.024
[2, 4]
SM
Z′
−0.987+0.006−0.001
−0.397+0.040−0.008
0.076+0.048−0.020
0.046+0.001−0.004
−0.887+0.046−0.001
−0.899+0.048−0.003
0.030+0.064−0.013
0.100+0.029−0.120
0.000+0.000−0.001
−0.001+0.000−0.001
−0.923+0.007−0.005
−0.561+0.333−0.088
[4, 6]
SM
Z′
−0.984+0.012−0.002
−0.423+0.023−0.006
−0.030+0.079−0.028
−0.018+0.028−0.011
−0.858+0.016−0.035
−0.892+0.014−0.034
0.086+0.046−0.013
0.308+0.022−0.083
−0.001+0.000−0.001
−0.002+0.000−0.001
−0.908+0.110−0.020
−0.754+0.060−0.008
[6, 8]
SM
Z′
−0.977+0.014−0.004
−0.420+0.016−0.005
−0.128+0.075−0.028
−0.078+0.034−0.014
−0.789+0.020−0.049
−0.809+0.020−0.050
0.200+0.041−0.014
0.418+0.012−0.038
−0.002+0.000−0.001
−0.002+0.000−0.000
−0.897+0.100−0.023
−0.556+0.010−0.000
[14, 16]
SM
Z′
−0.922+0.002−0.001
−0.409+0.004−0.003
−0.338+0.014−0.009
−0.231+0.010−0.006
−0.596+0.008−0.012
−0.482+0.008−0.012
0.114+0.007−0.005
0.484+0.000−0.001
−0.038+0.000−0.000
−0.030+0.000−0.001
−0.851+0.009−0.006
−0.321+0.006−0.004
[16, 18]
SM
Z′
−0.889+0.002−0.001
−0.420+0.001−0.001
−0.312+0.007−0.005
−0.235+0.004−0.003
−0.627+0.006−0.008
−0.461+0.006−0.008
0.067+0.001−0.001
0.462+0.001−0.002
−0.052+0.000−0.000
−0.044+0.000−0.000
−0.843+0.002−0.002
−0.304+0.002−0.002
[18, 20.25]
SM
Z′
−0.747+0.010−0.008
−0.459+0.002−0.002
−0.195+0.005−0.004
−0.198+0.002−0.001
−0.767+0.006−0.007
−0.544+0.006−0.007
−0.023+0.002−0.003
0.382+0.005−0.006
−0.072+0.002−0.002
−0.078+0.003−0.003
−0.840+0.000−0.000
−0.302+0.001−0.001
〈αL〉 〈dB/ds〉×10−7
〈FT 〉 〈FL〉
〈
A`ΛFB
〉 〈P1〉
[0.1, 2]
SM
Z′
−0.980+0.008−0.004
−0.262+0.027−0.004
0.251+0.451−0.222
0.479+0.880−0.430
0.424+0.174−0.031
0.537+0.095−0.018
0.576+0.031−0.174
0.463+0.018−0.095
−0.028+0.013−0.001
−0.021+0.008−0.001
0.364+0.047−0.260
0.194+0.027−0.143
[1, 2]
SM
Z′
−0.986+0.001−0.003
−0.344+0.036−0.005
0.095+0.172−0.084
0.158+0.283−0.140
0.192+0.166−0.023
0.253+0.136−0.023
0.808+0.023−0.166
0.747+0.023−0.136
−0.034+0.009−0.001
−0.030+0.007−0.000
0.711+0.035−0.248
0.620+0.035−0.203
[2, 4]
SM
Z′
−0.991+0.006−0.000
−0.389+0.022−0.004
0.178+0.302−0.153
0.268+4.490−0.231
0.107+0.040−0.001
0.096+0.042−0.003
0.893+0.001−0.040
0.904+0.003−0.042
−0.019+0.004−0.008
−0.017+0.002−0.006
0.839+0.001−0.061
0.856+0.005−0.064
[4, 6]
SM
Z′
−0.989+0.008−0.001
−0.404+0.015−0.004
0.193+0.286−0.157
0.283+0.041−0.229
0.133+0.014−0.031
0.102+0.013−0.031
0.867+0.031−0.014
0.897+0.031−0.013
0.007+0.005−0.015
0.009+0.004−0.012
0.801+0.047−0.021
0.846+0.046−0.019
[6, 8]
SM
Z′
−0.986+0.009−0.002
−0.407+0.013−0.004
0.220+0.275−0.164
0.325+0.040−0.240
0.191+0.016−0.041
0.175+0.016−0.042
0.809+0.041−0.016
0.825+0.042−0.016
0.031+0.005−0.013
0.034+0.003−0.010
0.714+0.061−0.025
0.738+0.063−0.024
[14, 16]
SM
Z′
−0.936+0.001−0.001
−0.432+0.004−0.002
0.353+0.153−0.127
0.720+0.217−0.178
0.336+0.005−0.008
0.411+0.005−0.008
0.664+0.008−0.005
0.589+0.008−0.005
0.080+0.001−0.002
0.088+0.001−0.002
0.496+0.013−0.006
0.383+0.012−0.008
[16, 18]
SM
Z′
−0.896+0.002−0.001
−0.451+0.001−0.001
0.328+0.095−0.086
0.562+0.129−0.112
0.315+0.004−0.005
0.424+0.004−0.005
0.685+0.005−0.004
0.576+0.005−0.004
0.076+0.001−0.001
0.090+0.001−0.001
0.528+0.011−0.003
0.363+0.008−0.006
[18, 20.25]
SM
Z′
−0.735+0.011−0.009
−0.494+0.002−0.002
0.226+0.033−0.042
0.270+0.043−0.040
0.209+0.004−0.005
0.371+0.004−0.004
0.791+0.005−0.004
0.629+0.004−0.004
0.051+0.001−0.001
0.079+0.001−0.001
0.686+0.012−0.002
0.443+0.007−0.005
improved statistics. It will also give us a chance to hunt for the indirect signals of NP arising due to the neutral Z ′
boson especially where SM is at mismatch with the experimental predictions.
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TABLE VIII. Average values of observables Pi, i = 2, ..., 9 (for real observables) for Λb → Λ(→ ppi)µ+µ− in appropriate bins.
〈P2〉 〈P3〉 〈P5〉 〈P6〉 〈P8〉 〈P9〉
[0.1, 2]
SM
Z′
0.240+0.034−0.176
0.102+0.004−0.024
−0.076+0.036−0.002
−0.056+0.021−0.002
−0.011+0.054−0.014
0.019+0.005−0.002
−0.079+0.178−0.038
−0.288+0.005−0.001
0.221+0.003−0.093
0.107+0.008−0.065
−0.511+0.056−0.247
−0.043+0.001−0.009
[1, 2]
SM
Z′
0.458+0.024−0.166
0.1700.0040.030
−0.090+0.024−0.002
−0.079+0.020−0.001
0.001+0.057−0.014
0.027+0.008−0.003
−0.044+0.151−0.029
−0.191+0.028−0.102
0.257+0.012−0.048
0.150+0.007−0.076
−0.231+0.036−0.222
−0.046+0.006−0.003
[2, 4]
SM
Z′
0.539+0.001−0.041
0.202+0.001−0.003
−0.050+0.011−0.020
−0.045+0.007−0.015
0.025+0.050−0.012
0.033+0.013−0.004
0.042+0.088−0.019
0.138+0.040−0.167
0.145+0.084−0.039
0.089+0.003−0.006
−0.126+0.000−0.050
−0.069+0.028−0.008
[4, 6]
SM
Z′
0.516+0.030−0.013
0.196+0.013−0.005
0.020+0.015−0.041
0.024+0.010−0.031
0.049+0.038−0.010
0.037+0.013−0.004
0.119+0.064−0.018
0.427+0.030−0.115
−0.055+0.149−0.051
−0.034+0.053−0.021
−0.155+0.051−0.020
−0.100+0.036−0.011
[6, 8]
SM
Z′
0.463+0.041−0.016
0.176+0.014−0.005
0.082+0.014−0.035
0.089+0.009−0.025
0.067+0.027−0.009
0.040+0.010−0.003
0.166+0.057−0.020
0.579+0.016−0.053
−0.231+0.133−0.049
−0.143+0.060−0.024
−0.220+0.066−0.025
−0.125+0.032−0.011
[14, 16]
SM
Z′
0.318+0.009−0.005
0.136+0.002−0.002
0.214+0.003−0.006
0.234+0.003−0.004
0.135+0.002−0.001
0.066+0.001−0.000
0.158+0.008−0.008
0.672+0.000−0.001
−0.564+0.022−0.012
−0.368+0.013−0.009
−0.365+0.014−0.007
−0.169+0.007−0.004
[16, 18]
SM
Z′
0.317+0.005−0.002
0.146+0.002−0.001
0.202+0.002−0.003
0.240+0.002−0.003
0.163+0.000−0.000
0.085+0.000−0.000
0.090+0.002−0.001
0.641+0.002−0.003
−0.527+0.013−0.005
−0.371+0.006−0.004
−0.338+0.008−0.003
−0.165+0.003−0.002
[18, 20.25]
SM
Z′
0.313+0.001−0.002
0.187+0.002−0.002
0.135+0.000−0.005
0.210+0.002−0.003
0.180+0.002−0.003
0.127+0.000−0.000
−0.032+0.001−0.007
0.531+0.007−0.008
−0.350+0.013−0.002
−0.323+0.002−0.002
−0.222+0.009−0.002
−0.143+0.001−0.001
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APPENDIX
In the rest frame of the decaying Λb baryon, the momentum of daughter baryon Λ is defined as
p2 = (mΛb − q0, 0, 0, |q|)
where mΛb is the mass of the Λb baryon. The lepton polarization vectors in the dilepton rest frame are given as
µ+ =
1√
2
(0, 1,−i, 0), µ− = 1√2 (0,−1,−i, 0)
µt = (1, 0, 0, 0), 
µ
0 = (0, 0, 0, 1)
and the corresponding Lepton momentum vectors are [46]
qµ1 = (E`,−|q| sin θl,0,−|q| cos θl)
qµ2 = (E`, |q| sin θl,0, |q| cos θl)
withE` =
√
s
2 and |q| = E2` −m2` .
The helicity amplitudes for the decay Λb → Λ transitions can be expressed in terms of the form factors as [46]
HVt(+1/2,+1/2) = H
V
t(−1/2,−1/2) = f0 (s)
mΛb −mΛ√
s
√
s+,
HV0(+1/2,+1/2) = H
V
0(−1/2,−1/2) = f+ (s)
mΛb +mΛ√
s
√
s−,
HV+(−1/2,+1/2) = H
V
−(+1/2,−1/2) = −f⊥ (s)
√
2s−,
HAt(+1/2,+1/2) = −HAt(−1/2,−1/2) = g0 (s)
mΛb +mΛ√
s
√
s−,
HA0(+1/2,+1/2) = −HA0(−1/2,−1/2) = g+ (s)
mΛb −mΛ√
s
√
s+,
HA+(−1/2,+1/2) = −HA−(+1/2,−1/2) = −g⊥ (s)
√
2s+
HT0(+1/2,+1/2) = H
T
0(−1/2,−1/2) = −h+ (s)
√
s
√
s−,
HT+(−1/2,+1/2) = H
T
−(+1/2,−1/2) = h⊥ (s) (mΛb +mΛ)
√
2s−,
HT50(+1/2,+1/2) = −HT50(−1/2,−1/2) = h˜+ (s)
√
s
√
s+,
HT5+(−1/2,+1/2) = −HT5−(+1/2,−1/2) = −h˜⊥ (s) (mΛb −mΛ)
√
2s+,
where f0, f+ and f⊥ denotes time-like, longitudinal and transverse components of vector currents. The kinematic
functions used in the above equation are defined as s± ≡ (mΛb ±mΛ)2 − s.
The transversity amplitude can be written in terms of helicity amplitudes as [46]
A
L(R)
⊥1 = +
√
2N
((
C+9 ∓ C+10
)
HV+(−1/2,+1/2) −
2mbC
+
7
s
HT+(−1/2,+1/2)
)
,
A
L(R)
‖1 = −
√
2N
((
C−9 ∓ C−10
)
HA+(−1/2,+1/2) +
2mbC
−
7
s
HT5+(−1/2,+1/2)
)
, (35)
A
L(R)
⊥0 = +
√
2N
((
C+9 ∓ C+10
)
HV0(+1/2,+1/2) −
2mbC
+
7
s
HT0(+1/2,+1/2)
)
,
A
L(R)
‖0 = −
√
2N
((
C−9 ∓ C−10
)
HA0(+1/2,+1/2) +
2mbC
−
7
s
HT50(+1/2,+1/2)
)
.
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where N = GFVtbV ∗tsαe
√
sλ1/2
(
m2Λb
, m2Λ, s
)
3·211m3Λbpi
5 and
C+9 = C9 + C
′
9, C
−
9 = C9 − C ′9, C+10 = C10 + C ′10, C−10 = C10 − C ′10, C+7 = C7 + C ′7, C−7 = C7 − C ′7.
In case of SM and Z ′ model, all the primed Wilson coefficients are zero.
The angular variable Kl,m with l and m denoting the relative angular momentum and its third component for ppi
and µ+µ− systems, respectively that are introduced in Eq. (15) can be written in terms of transversality amplitudes
as [46]:
K1ss (s) =
1
4
[∣∣AR⊥1 ∣∣2 + ∣∣∣AR‖1∣∣∣2 + 2 ∣∣AR⊥0 ∣∣2 + 2 ∣∣∣AR‖0∣∣∣2 + (R↔ L)] ,K1cc (s) = 12
[∣∣AR⊥1∣∣2 + ∣∣∣AR‖1∣∣∣2 + (R↔ L)] ,
K1c (s) = −Re
{
AR⊥1A
∗R
‖1 − (R↔ L)
}
,K2ss (s) =
α
2
Re
{
AR⊥1A
∗R
‖1 + 2A
R
⊥0A
∗R
‖0 + (R↔ L)
}
,
K2cc (s) = +αRe
{
AR⊥1A
∗R
‖1 + (R↔ L)
}
,K2c (s) = −α
2
[∣∣AR⊥1 ∣∣2 + ∣∣∣AR‖1∣∣∣2 − (R↔ L)] ,
K2sc (s) = +
α√
2
Im
{
AR⊥1A
∗R
⊥0 −AR‖1A∗R‖0 + (R↔ L)
}
,K3s (s) =
α√
2
Im
{
AR⊥1A
∗R
‖0 −AR‖1A∗R⊥0 − (R↔ L)
}
,
K4sc (s) = +
α√
2
Re
{
AR⊥1A
∗R
‖0 −AR‖1A∗R⊥0 + (R↔ L)
}
,K4s (s) =
α√
2
Re
{
AR⊥1A
∗R
⊥0 −AR‖1A∗R‖0 − (R↔ L)
}
.
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